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RECENT EXPERIMENTS WITH THE FREE-ELECTRON LASER AT LOS ALLAMOS®

Donald W. Feldman and Roger W. Warren

MS HB825, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Abstract

Improvements in the operational characteristics of the
los Alamos free-electron laser have produced experimental
results in reasonable agreement with theory and simulation.
The results of these experiments will be described.

Introduction

A great deal of effort over the past several years has
Eone into improving a number of system parameters in the
us Alamos free-electron laser (FEL). The amplitude and
timing fluctuations in injector gun pulses and rf power have
been reduced by about an order of magnitude; nonlinear
uptical effects in cavity mirrors have been eliminated with
th2 use of copper mirrors; wakefields, which produced
transverse and longitudinal emittance growth at high peak
currents, have been eliminated or reduced. ese
improvements have enabled us to carry out a series of
experiments' * in the past year that demonstrated laser
performance in gratifying agreement with both qualitative
theory end numerical simulations. Each of the following
sections briefly describes a set of experiments that
demonstrates s significant aspect of free-electron laser
operaticni. The first group involves a uniform wiggler, the
second, several tapered wigglers. A description of these
wigglers, the nccelerator. and optical system can be found in
our earlier publications.

l.asing with Uniform Wigglers
Sideband Suppression

Betore the recent improvements in the system, we had
ubserved gains as high as 40% in the 1-m uniform wi% ler.
In recent experiments, we have seen gains as high as 250%
al peak currents of ~300-400 A. These gain vilues are in
ruu.ih agreement with simuiations. The characteristica of
the Inser now change in a reproducible and predictable way
with changes in the length uFLhe cavity resonator. Figure 1

shows a typical experimental detunming curve One-
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dimensional pulse calenlations for the same conditions vield
simidar results A Boand € indicnte the region and points
where the spectrn nre us shown in Fig 2a ¢ [nregion A the
\Yn-rlrnm 15 consistent with the transform Limit 1)?1”] 10 ps
electean pulse (Fig 2n0 At B Fig 2y adebands beyin o
develop and at C the spectrum develops inb n pattern called
the piking mode tFig 2008 This pattern imphies o strony
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Fig. 2. Experimental spectrum showing (u) nurcow spectral shape for
large detuning near A, th) wesk sidebands for moderate detuning near
B 1) multiple evenly spaced sidebunds near C

modulation of the optical pulse, with peak powers 5 Limes
the average, that is, 10-50 EW. The same behavior has been
shown in simulations. At larger detuning, the spikes
become sharper, narrower, and chaotic, also in agreement
with calculativns.® Th. :pectrum extends over a wavelengtn
range of --10%, and e ited peak powers exceed 100 GW,

As described ab. o, changing the cavity length by
~30 ym forces the FEL w uperate in a wingle, transform
limited line. The theory explaining such sideband
suppression is described in Ref. 7 and is consistent with our
observations. Detuning is an elegant way w eliminate
«idebnnds becuuse it requires no additional apparatus. Fora
uniform wiggler, detuning causes a loss of efficiency. This
result. however, is intrinsic o sideband suppression in
uniform wigglers because the modulation of the optical pulse
by the uidegandl iv the direct cause of the enhancement in
efliciency at zero detuning. [n contrast, for tupered wigglers,
sidebands reduce efficiency and detuning has been
completely satisfactory sidehand wuppress.on technique for
all of those wiggler configuratio. s that we have Lested.

The most obvious disadvantage of cavity length
detuning for sideband suppression 1s that the wavelenygth s
not constrained w 8 fixed value but changes with bheam
energy and cavily power A suppression lechnique that
selects a fixed f(requency would be of use  We huve
cxperimentally exumined one such technique: the use ot a
dlﬁrm‘u«m wrating ruled on one of the ¢avity mirrors  T'he
mirror 18 u sphericul ygrating operated 1n n lLittrow
configurntion: that 1y, the desired light, diffracted inta the
firit order, s returned upon el Light at the sideband
wavelengths is diffracted w the side; 1t does not internct with
the electron beam and s notamphitied Using a grating with
a pitch of mix linesomm, we were able to pru:{uu.- trunstorm
hmited hine widthy st covity powers in excess of 100 MW
simulteneously couple larht aut of the cavity inan adjcent
wrating order The efficiencies observed with 4 grating were
censistent with cavity detuning results, thit s the e
cMveney  wis abserved  whether the sideband . were
suppressed by anacuve device or by cavety detuniny



Harmonics Generated by Spontaneous Emission

The axial motion of the clectrons in the wiggler tield
contains oscillating components at twice the ‘requency af the
fundamental. transverse motion. The axial motion and 1ts
interaction  with  the transverse motion  produces
spontaneous emission at all harmonies of the fundamental
frequency.
light vutput at t'ie 2nd, 3rd, and 3th harmonic wavelengths.
Harmonies higher than these were too weak to be scen.
Measurements were made over a range ol micruopulse
charge. Some spatial symmetry meusurements of the modes
were ubtained. and the effects ol cavity feedback on the 3rd
and 5th harmonics were measured.

With no uppreciable feedback at the harmonie
wavelengths, that is, low reflectivity of the mirrors at these
wavelengths, the intensities of the 2nd and 3rd harmonics
were fuund tobe ~ 10 Sulthe fundamental; the Sth was ~10 7.
This is in reasonable agreement with harmonic
measurements made at Stanford.3 When feedback was
introduced at the harmonic frequency (either by using
copper mirrors or dielectric mirrors with high reflectivity ut
the harmoniefreguency), the 3rd harmonicincreased o ~ 10 4
uf the fundamental. We tentatively interpret the lurge efTect
of feedback on the spontaneous emission to the fullowing
muodel:  The spontancous emission produced 1n cuch
successive pass ol the coherent fundamental light s
coherently related to that of previous passes (over the
litetime of Light in the cavity at the harmonic frequency)
Because the added lLight is coherent, the field amplitudes
ruther than intensities add. I the phase ungle between the
fields vn successive passes 1s small, this addition produces a
larg» enhancement over what would be expected from simple
incoherent trupping of the hight in the cavity. We have not
vetdone o theoretical inalysis or numerical simulation that
shows that the phuse relutionship of the harmonic Light on
suceessive pitsses is such as W produce this enhancement.

Measurements of the spatiai distribution of the output
shuwed the expected betavior that is, a singe lobe for the
tundamental, two for the 2nd harmonic, and three for the 3rd
harmonic We were sinable to determine whether the
multipic lobes were axinlly symmetrie, that s, doughnut
Ahiped.

Harmonic Lasing

lasing has previousiy been observed on the third
harmonic by anet or twol® groups ut Stanford. We have now
heen able o lase on the drd harmonic of the 10 o 11 ym
tundamental by increasing the gain at the harmonice and
cnereasing the cavity tossesat the fundumentul The an at
the harmonie was increased by decrensing the wiggler gap
from 8 8 to S smm. thus inereasing the wiggler A value from
0T =1 A set of various dinmeter apertures could be
inserted into the cavity to increase the losses lor the
tundamental  With the use of apertures, lusing could be
ohserved an ohoth the tundamental and the drd harmonse
e etlicieney ot the drd hurmonie lasing s approimately
s thired that of the tundumental

Figure 3 shows the measured detuning curves, with no
vperture CFid Jacand tao suceessively smialler apertures
Fiw 3 hand o Lasing ot the drd harmaonic appeared only
when apertures were ased and Wil o very Hirrow cavity
lengith tuming range A~ the aperture  was  mide
progressively  smaller the detuming curve  for o the
tundamentar ~hifted tothe short cavity side and no longer
averbapped the 3ed tornonie detuming curve This shift was
ciased by seraping b the apertures The adnuxture ol
higher order fransverse modes produces incrensed phase

Jutte e o roaned tep b the Light an the cavity thas
thn reasd the effect e cength o the cavaty
Lasing with Tapered Wigglers
Wiggler Characteristios
Foarts  FEL oxperiments ot Lo Namo. aaad

ermanent maynet Hoohaoh wiygier with ot approoxcimate
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We have made a number of measurements of
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lincar 12 wavelenygth tuper. The experiments during the

past year have employed this wiggler and another of similar
construction, but with a 30% parusbolic tuper. This parubolic
configuration was chosen because 1L produced adeguate
smali signal gain in the initial lat region und also had a
lnrge overnll taper.  Because the taper is continually
increasing, we expected that electrons would not stay in
resonance throughout the lenyth, so that trnpping would not
be as nerrly complete as with the lincurly tapered wiggler

The tapered wiggler experiments described here also
employed a prebuncher, located ahead of the main wiggler,
thut produces a velocity modulstion that enhunces the
capture of electrons in the main wiggler Unhike previous
prehunchers  or optical  klystruns'''" the  prebuncher
employed here was optimized at high opucal power!t
produce maximum extraction efficiency rather than at low
puwer w enhance small signal gnin It was v ~2 5 period
wiggler that could be moved to vary the drift space between
the prebuncher und  wiggler from about 26 40 cm
Caleulntions! findiented that the prebuncher waorld produce
an enhnncement of wbout a fuctor of 2 extraction ¢ Ticiency
at high cavity powers, und this was found to be the case  In
agreement with simulations, ' we found that changing the
preouncher to wiyggler drft distance had Iarge, periodie
effeets un the wavelenygth and the eMiciency of the laser The
repent distanee, 33 em. was ~ A Loy predicted by
\llllpilgl' .”'L:ll"ll'nl..\
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Flectron Trapping

Previous  experniments showed  that  the  vnergy
spectram ol electrons that traversed o Gipered wigpler haa o
long low energy Gal b but ondy o Jght sign of electeons
trapped inoa “hueket”™ b the pondomotive potential - Lhe
absence of a0 bucket was caesed by the growth ot the
transverse emittance of the vlectrons o the beam transport
e and Large energy boss durning transitof the wigeler heth
cavsed by waketield cthects When these prebiem . waere
chiminaeed . the resalty were ditterent Fogure 8 the to ot
St with the prebuncher and 1270 wider canbionate n

Joow o the chaotran energs distrchutiom o a0 o
Moactopuaise  Forure 4o the distothateon withoae Cvang,
iy b ctne distethuation when Loan,:s Fheolevtnn eea

we b detined eoap ot trapped particles whaoch are Dowered o
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this wiggler, particularly when the FEL is lasing weakly.
When the cavity power is higher, the buckets are deeper,
fewer electrons fall out, and a weil-defined peak in the
energy spectrum aj]: ears at an cnergy loss consistent with
the wiggler taper. The experimental energy spectra tor both
wigglers are in Food qualitative agreement with simple
physical models of tapered wigglers. In addition. the spectra
agree quantitalively with those calculated in end-w-end
simulations that modeled the accelerator and beam line with
the accelerator code PARMELA and the FEL with the 3D
FEL code FELEX 16
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Fig. 4 Trapping and dev cleration of electrons by prebuncher 124
wiggler combination rarelectron spectrometer dispiny without lasing
and b with lasing

Efficiency

The highest efficiency that we had previously achieved
with the 12757 wiggler was ~2.0%. [t was probably limited by
nonbineur behavior of the dielectric mirrors und emittance
growth of the e-beam. The highest efficiency now measured
i 4.4%.  The meansured extraction efficiencies are in
reusonuble agreement with end-w-end three-dimensional
pulse calculations using PARMELA and FELEX 11

etuning

Previously. the 127 tapered wiggler had detuning
curves similar W those of the uniform wiggier, not in
agreement with sumulutions. After our improvements W the
FEL. both tapered wigglers show quite different properties.
I'he highest elficiencies ure now observed when sidebands
are suppressed by cavity length detuning, in agreement with
simulations  The same qmﬁimuve behavior is seen 1in the
3003 taper wiggler Lusing bullds up during the macropulse
with o aungle ine spectrum, then drops as sidebands
develup  This behuvior is shown experimentally in Fig Ha
Fhe sume bewavior is seen theoretieally in Fig. .’)ﬁ. which s a
ane dimensional simulation using the code FELPS  Aa yot,
numericnl simulaticns of the effecws of detuning with
tapered wigglers have not shown o complete correlation with
cur experimental observiations.
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Conclusions

The experiments : . the Los Alamus Free Electron
Laser during the past year have significantly increased our
understanding of the ghiysics of rf FEL uscﬁlul.urs and our
confidence in both s.mple physical models and numerical
simulations. Although there are still uncertainties in the
values of 4 number of vur beam parameters, the FEL
performs in qualitative ngreement with physical models und
in reasonable quantitative agreement with numericul
simulations.

The Los Alamos FEL is currently being completely
rebuilt with a laser-driven photoelectric injector.  This
change is expected to enhance its performance and allow
new experiments that will extend our knowledyge of the
physics of these devices.
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